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Abstract 
This paper provides an overview of uncut chip thickness for contour milling, which is then used in conjunction with FEA 
simulations to establish a strong method for understanding the best ways to evaluate machining conditions for complex workpieces.  
This information is then used to analyze and compare tool designs for achieving higher productivity in contour milling. Finally, it is 
discussed how both FEA and tool path generation techniques can work together to make faster and more robust machining 
processes utilizing better tool designs. 
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1. Introduction 
Many modern machined parts contain surfaces which 
must be produced by contour milling.  Contour milling is 
a milling process which allows the machining of specific 
contours on a workpiece through a tangential 
relationship between the revolved profile of the cutting 
edge and the desired surface. Although this sounds 
relatively straightforward, this process often requires 
very complex 4 or 5-axis tool paths in order to maintain 
this relationship. This is often made more difficult by the 
workpiece material itself, such as titanium airframe parts 
and high temperature alloy turbine parts [1].  
The use of FEA in machining continues to increase 
for these workpiece materials due to their high costs, and 
the subsequent costs of testing new tools or machining 
paths in them. Manufacturers of such components are in 
need to reduce costs, improve part quality and reduce 
defect rates, and machining FEA software shows the 
possibility to better understand issues before they occur.  
From the standpoint of tool design, it is desirable to 
develop tools which can improve part quality while 
lengthening tool life in these difficult applications.  Part 
surface finish is generally a very critical aspect of 
contour milling, along with avoiding the detrimental 
effects associated with excess heat, such as white layer 
formation or cracks. It stands to reason that if FEA can 
improve the knowledge of the machining process, then 
the tools, machining paths, and subsequent machining 
parameters can be better improved.  
However, the question is then how well FEA can be 
used to evaluate contour milling of these workpieces as 
the tool geometries, machining path, and therefore chip 
formation is more complicated than standard end 
milling. In addition, the calculation time related to FEA 
simulations is problematic.  In order to properly study 
chip formation, a very small mesh size with a high level 
of refinement must be used along the cutting edge and 
chip interface.  This leads to much longer calculation 
times than for more general simulations. Therefore, it is 
considered impractical to attempt to study whole 
machining paths from end to end, so another approach is 
needed. 
The first step in attempting to create a procedure for 
better calculation methods is to validate the performance 
of current FEA software in predicting chip formation. If 
the software does an accurate job in correctly predicting 
chip thicknesses, it can be used to compare geometries 
and machining conditions for a given path. Even if the 
predicted forces and temperatures are not 100% 
accurate, the software is still a useful tool as the user can 
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simply choose to keep the chip thickness values within a 
range determined by experimentation for that 
combination of workpiece and tool materials. 
2. Chip Thickness Model Development
2.1. Uncut chip thickness
One way to establish suitable machining parameters
for a given geometry is to analyze the theoretical uncut 
chip thickness.  There are various levels of complexity
that can be applied to this for milling, starting with a
geometrical approach and continuing through increasing
differential terms to add elements of individual tooth
arcs [2, 3, 4]. This paper will use the simpler geometrical
approach as the differences are negligible for typical
contour milling chip loads.
Figure 1: Milling uncut chip thickness diagram
The figure above shows the basic geometrical
analysis that can be performed to yield uncut chip
thickness based on radial depth of cut.  
Figure 2: Cusp height due to ae
This basic approach of shifting the cutter’s inscribed 
arc of cut means terms for direction of rotation and 
number of edges will be ignored.  This makes for a
simpler analysis that is still valid with only a very small
magnitude of error for low to medium values of fz and 
ae. 
One reason that ae values are typically small for 
contour milling is that as it increases, the resulting cusp
height increases. This is shown below in Figure 2.
The cusp height will be a resultant feature on the
milled part, so as this will normally cause a deviation
from the desired surface geometry it is often desired to
be kept rather small. For a given end cutting edge radius
value the cusp height can be easily solved with the
following equation, which is valid for equal axial depths
of cut.
   (1)
Therefore, a good place to start the analysis is to
decide the ae value based on the cutter profile and 
desired cusp height. The next step is to analyze the effect 
of the axial depth of cut. 
Figure 3: Effect of axial depth of cut on cutter radius.
As can be seen in Figure 3, the effective radius of the
cutter changes with the axial depth of cut ap.  The
t  simply be solved as:effective cut
  (2)
Now a modification of the analysis shown in Figure 1
can be used to determine the uncut chip thickness in the
radial direction. 
Figure 4: Modified radial chip thinning
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The full uncut chip thickness in the radial plane, as
shown above in Figure 4, can be found using the
following equation: 
(3)
The final step in this analysis is to then take into
account the effect of the end edge radius on the uncut 
chip thickness.  This geometrical analysis is shown
below in Figure 5.
Figure 5: Effect of cutting edge radius axially
This effect can then be used to find a final equation
for the uncut chip thickness tc. 
(4)
Now the procedure is fully established, from finding a
suitable radial depth of cut ae, picking an axial depth of 
cut ap, and then finally determining the uncut chip
thickness in conjunction with the cutting edge profile.
2.2. Effects of cutter profile on chip thickness
By using the analysis previously defined it is now
possible to evaluate some scenarios that may affect the
chip thickness. It can be seen that a major contributor to
the final chip thickness is the profile of the tool, as it 
affects the calculation of the stepover ae, the effective
cutter radius rEC, and final the uncut chip thickness tc. 
Contour milling is typically done with a ballnose
endmill, which is advantageous because the calculations
are easy to perform. However, new tool profiles have
been proposed to exploit the effects of chip thinning and 
achieve equal chip thicknesses at much higher feedrates.
In Figure 6 is shown the profile of a new endmill
geometry from Kennametal, available in several
geometries to suit different workpiece materials. The
above form has two different radii which form the edge
profile, allowing a larger radius to be used in the area at 
which chip thinning occurs. The smaller corner radius
still allows the endmill to work around a full 90 degrees
when needed.
Figure 6: Special contour mill end configuration
For example, given a ballnose endmill of 12 mm
diameter, with an ae of 1mm, an ap of 1.5 mm, and a 
feedrate fz of 0.18 mm/rev, the resulting uncut chip
thickness tc would be 0.077 mm. If the machining
conditions are kept equal, but the edge profile radius on
the end is increased to 10 mm, the resulting uncut chip
thickness tc would drop to 0.054 mm. The cusp height H
would also change from 0.021 mm to 0.012 mm,
improving the finish. If the cusp height and chip
thickness were already acceptable for the ballnose tool,
then the values of ae and fz can be changed to match
them. This would result in changing the ae to 1.29 mm
and the feedrate to 0.23 mm/rev. The overall effect 
would be an increase in material removal rate of 67%.
3. Experiment Comparing FEA And Machining
3.1. Experimental overview
An experimental plan was developed to use
AdvantEdge FEA software from ThirdWave Systems to
study the link between theoretical uncut chip thickness
and predicted chip thickness, and then compare it to
actual chip thickness found from a machining test.
Figure 7: Ballnose geometry models
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Models of a ballnose endmill were created using
CAD software, and converted to STEP format in order to
import into AdvantEdge. The models were also used to
extract geometry for creating a grinding program and 
simulation, which was used to grind matching prototype
tools. This process was then repeated for the new
contour endmill geometry.
Figure 8: Contour geometry models.
3.2. FEA Experimental setup
The workpiece material was modeled as Ti6Al4V
with yield strength of 1050 MPa, based on Third Wave
Systems’ own material characterization.  The mesh size
along the tool cutting edge was 10 microns, graded 
throughout the bulk of the tool up to a mesh size of 
1mm.  The mesh size for the workpiece material was 50
microns along the cutting edge interface section,
extending at this level for a radius of 0.25mm from the
cutting edge and then increasing progressively up to a 
mesh size of 2mm.  
One issue that is encountered when using FEA is that 
depending on the chosen conditions, the mesh size along
the cutting edge may be larger than depth of cut. Since
these geometries feature radii which blend in the center,
this tangent condition with the machining path forces the
depth of cut to zero (Figure 9). Therefore, it is important 
to understand the point at which the calculation becomes
invalid.
Figure 9: Mesh interface along depth of cut. 
In order to study this further, two different stepover 
conditions were chosen, with the workpieces adjusted 
accordingly (Figure 10). 
The workpiece material chosen for the simulation was
6Al4V Titanium, and the simulation type was corner 
milling. The tools modeled were both 12.7 mm diameter,
and the two values chosen for ae were 1.27 mm and 
3.175 mm. The axial depth ap was set at 1.524 mm for 
both cases, with a speed of 45.7 m/min and a feedrate fz
of 0.17 mm/rev. 
(a) Larger ae, mesh interference
 (b) Smaller ae, full meshing
Figure 10: Different Stepover conditions
3.3. Machining setup
The matching ground prototypes were held in
balanced Kennametal shrink fit milling holders and 
tested in a vertical machining center. Here blocks of 
6Al4V Titanium were held in a fixture surrounded by
new sheets of filter media in order to capture the chips.
The test was performed dry in order to match the FEA
simulation as best as possible.
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Figure 11: Workpiece for machining test 
The workpiece was machined as above in Figure 11 
prior to the experimental runs. For the smaller ae value, 
a relief groove ensured that the amount of workpiece 
exposed to the cutting edge matched the FEA workpiece. 
For the larger ae value, an initial pass was performed, 
again to properly match the FEA workpiece. 
In order to measure the actual milled chip thickness 
the chips were first mounted in an epoxy to stabilize 
them.  The thickness was then measured using a 
micrometer with pointed anvils of a 0.25mm tip radius 
while viewing the specimen under a microscope.  The 
readings were taken at the thickest portion of the chip. 
4. Results 
The chips from the machining test were collected, 
mounted, and measured at the same location as the 
simulated chips.  
 
Figure 12: collected chips 
The results of the four FEA simulations were 
measured within the included analysis package. The 
measurement method is shown below in Figure 13. 
 
 
 
 
Figure 13: Measurement of simulated chip 
The simulated chip thickness was measured at the 
widest cross section near its edge. The measurement 
location for both the simulated chips and actual chips is 
quite critical, as the geometrical chip thinning occurs 
three dimensionally. 
The results comparing the theoretical uncut chip 
thickness, simulated chip thickness, and actual chip 
thickness are shown in Table 1. 
 
 
Table 1: FEA and machined chip thickness 
 
Theoretical 
Uncut Chip 
Thickness tc 
(mm) 
Machined 
Chip 
Thickness 
(mm) 
Simulated 
Chip 
Thickness 
(mm) 
Ballnose – 
1.27 mm ae 0.079 0.099 0.104 
Ballnose – 
3.175 mm ae 0.107 0.147 0.152 
Contour – 
1.27 mm ae 0.056 0.071 0.076 
Contour – 
3.175 mm ae 0.079 0.097 0.102 
 
It can be seen that in both cases the actual chip 
thickness is greater than the theoretical uncut chip 
thickness.  This is expected as the uncut chip thickness 
calculations do not include any adjustments for the 
plastic deformation in the shear plane, which causes the 
width of the chip to increase during machining. The 
main point is that the trends of the uncut chip thickness 
and of the actual chip thickness correlate well. 
Comparing the simulated chip thickness to the 
machined chip thickness, the results are excellent as all 
are matching within 5 microns. This included averaging 
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multiple chips from the machining experiment to ensure 
an accurate representation of the population. 
5. Conclusions 
The aforementioned experiment is significant in that 
it demonstrates the effectiveness of the FEA calculation 
when used on a very accurate 3D model. The results of 
the measured chip thickness for the simulation and 
machining were extremely close. Therefore, it appears 
feasible that the FEA software can be used to study more 
complex new tool geometries to be used in contour 
milling. 
From the perspective of a toolmaker this is an 
excellent benefit, as it is generally necessary to study 
milling cutters on a broad level because the applications 
are so varied. Using FEA can allow many different tool 
geometries to be tested in a very basic machining path, 
realizing that at the end the knowledge of the chip 
thickness can be used to create more complex paths 
later.   
As previously mentioned, it would not be currently 
feasible to simulate whole contour milling paths in FEA 
for the purposes of selecting machining conditions. 
Another method must then be selected to handle 
complex situations reliably and rapidly. 
Consider again that the theoretical uncut chip 
thickness values in the experiment trended correctly 
across the different machining conditions. One approach 
to handling new contour paths and parts would be to first 
set the value of ae based on the tool geometry and 
desired cusp height. Next, simple toolpaths either in test 
pieces or in FEA can be used to test values of ap and fz 
until a suitable level of performance is found. Once this 
level is established, calculate the theoretical uncut chip 
thickness for these conditions and use them throughout 
the path to maintain a high level of performance.   
Several modern CAM packages incorporate versions 
of uncut chip thickness calculations and use them to 
optimize toolpaths. However, it is often difficult to find 
the correct starting point. Using this approach to 
combine knowledge from actual testing with FEA at key 
points can yield the correct chipload values and make for 
much smoother, more productive milling paths. 
References 
[1] Gey, C., Prozessauslegung für das Flankenfräsen von Titan, 
VDI Fortschrittsberichte Reihe 2 Nr. 625, VDI Verlag, 
Düsseldorf, ISBN 3-18-362502-4, 2003. 
[2] Spiewak, S., Analytical Modelling of Cutting Point Trajectories 
in Milling, Journal of Engineering for Industry, Transactions of 
the ASME, 116 (1994)  p. 440-448. 
[3] Sabberwal, A.; Koenigsberger, F., Chip Section and Cutting 
Forces during the Milling Operation, Annals of the CIRP, Vol. 
10/3, 1961/62, p. 197-203. 
[4] Urban, B., Kinematische und mechanische Wirkungen des 
Kugelkopffräsens, Berichte aus dem IFW, Band 04/2009. 
 
